Ti-Zr binary metallic wires without toxic elements were developed by an arc-melt-type melt-extraction method for potential application as biomedical materials. The Ti-Zr binary alloy showed high wire forming capability during the melt-extraction process, independent of the Ti concentration. Therefore, it was possible to form rapidly quenched wires using Ti 100Àx Zr x (x ¼ 10 at% to 80 at%) alloys. Continuous binary TiZr alloy wires had good white luster, negligible surface roughness, high tensile strength, and high bending ductility.
Introduction
Several methods are available for the fabrication of fine metallic wires rapidly quenched from the metallic melt: (1) free-flight melt-spinning method, 1) (2) glass-coated meltspinning method, [2] [3] [4] [5] (3) in-rotating-liquid spinning method, 6 ,7) (4) spinning in gas atmosphere followed by winding in rotating liquid method 8, 9) and (5) melt-extraction method. [10] [11] [12] [13] The in-rotating-liquid spinning method has been improved significantly, and industrial production of highquality crystalline or amorphous metal wire is now standard. The in-rotating-liquid spinning method is used to industrially produce Fe-Si-B-and Co-Si-B-based metallic amorphous wires with superior mechanical properties, high corrosion resistance and unique soft magnetic properties.
14-16) However, this process requires a liquid cooling medium. It is difficult to fabricate Al-, Mg-, Ti-, and Zr-based alloy wires by this process due to the high reactivity of these alloys, in their molten state, with the liquid cooling medium. Thus far, only Ti-Ni-based crystalline alloy wires containing about 50 at% Ti have been prepared by the in-rotating-liquid melt spinning method for the production of shape memory alloys, as shown in Table 1 . [17] [18] [19] Melt-extraction without a cooling medium may be used to fabricate continuous metallic alloy wires that have high reactivity in the molten state. Wires of Ti-Cu-Zr amorphous 20) and Zr-based alloys 21) have been produced by the melt-extraction method, but they contain toxic elements such as Cu and Ni. Melt-extracted Ti-based alloy wires without toxic elements have potential application as biomedical materials. Recently, Kobayashi et al. have reported that Ti-Zr binary alloys without toxic elements have superior mechanical properties, and hence, they are suitable for biomedical applications. 22) However, systematic research on the fabrication and properties of melt-extracted Ti-Zr alloy wires has not been conducted. The first aim of this study is to fabricate Ti-Zr binary alloy wires by the arc-melt-type melt-extraction method, 21, 23) and the second aim is to investigate the morphology, structure, and mechanical properties of meltextracted Ti-based alloy wires.
Experimental Procedure
In this study, binary Ti-Zr mother alloys (Ti 100Àx Zr x , where x ¼ 10, 20, 40, 50, 60 and 80) with different concentrations of Ti and Zr were prepared. The concentrations are expressed in nominal atomic percent. Master ingots were prepared by arc melting a mixture of pure Ti and Zr (purity > 99.9%) under a highly pure Ar gas atmosphere (purity > 99.99%). Rapidly quenched wires were prepared by the arc-melt-type melt-extraction method. Figure 1 shows (a) a schematic illustration and (b) the corresponding image of the apparatus (NISSIN-GIKEN, NEV-AT3). The diameter of the Cu-roll used in this method was 200 mm, and the angle of the edge was fixed at 60 . The rotation speed was maintained at 2000 rpm, and the circumferential velocity of the Cu roll was 21 ms À1 . Mother alloys were arc melted from the master ingots under an Ar gas atmosphere on a water-cooled Cu mold. This apparatus allowed us to control the position of the Cu roll. The extraction of the molten mother alloy was performed by moving down the rotating Cu roll. The above conditions are similar to those used for the preparation of Zr-based metallic glass wires, as described in previous papers. 21, 24) The constituent phases were identified by X-ray diffraction (XRD) using Cu-K radiation, differential scanning calorimetry (DSC) at a heating rate of 0.67 Ks À1 , and optical microscopy (OM) observation. The surface morphology was examined by OM and scanning electron microscopy (SEM). The tensile property of the wire specimens was measured at a strain rate of 4:2 Â 10 À4 s À1 in air by an Instron-type testing machine. Ductility was evaluated by a simple bending test; a ductile wire can be bent through an angle of 180 without any fracture. Zr 80 was carried out in this study. All the melt-extracted wires showed white metallic luster, similar to that of the melt-extracted Zr-based metallic glass wire and Fe-based metallic crystalline wire prepared by the conventional wire-drawing process. This indicates that an undesired thick oxide layer is not formed during the meltextraction process. Figure 3 shows typical examples of the outer surface of the melt-extracted binary Ti-Zr alloy wires (Figs. 3(a) and (b)) together with a Zr-Al-Ni-Cu metallic glass wire for reference ( Fig. 3(c) ) and Fe-based crystalline wire prepared by the conventional wire-drawing process ( Fig. 3(d) ). There is some variation in the diameter of the melt-extracted Ti 90 Zr 10 wire shown in Fig. 3(a) . The close-up image of the Ti 90 Zr 10 wire ( Fig. 3(b) ) shows that its surface is slightly rough; in contrast, the melt-extracted metallic glass wire (Fig. 3(c) ) has a mirror surface without any roughness. The surface roughness may be attributed to the crystallization of the melt and/or phase transition during free flight in the Ar gas atmosphere. The occurrence of crystallization was confirmed by XRD analysis and DSC measurement, as explained later. The degree of surface roughness of the melt-extracted Ti 90 Zr 10 wire was less than that of the conventional Fe-based crystalline wire (Fig. 4(d) ). Rapid solidification of the Ti 90 Zr 10 melt during free flight in Ar gas may have suppressed crystal growth and the subsequent formation of fine crystals, resulting in the formation of continuous wires with negligible surface roughness. Figure 4 shows the surface morphology of the meltextracted wires observed by SEM. It is well known that the surface morphology of melt-extracted wires is sensitive to the alloy system, because wetting of the Cu-roll for molten alloy, viscosity, surface tension, and thermal conductivity of the alloy affect the formation of the wire and its solidification behavior.
Results
12,13,20,21) The surface morphology of the meltextracted binary Ti-Zr alloy wire (Fig. 4(a) and (b)) and that of other alloy wires, melt-extracted Ti-Ta-Co (Fig. 4(c) and (d)) and Ti-Ta-Si (Fig. 4 (e) and (f)), are shown as typical examples of a droplet former type and sharp-pointed region former type, respectively. In Fig. 4(a) , the variation in the diameter of the Ti 90 Zr 10 alloy can be seen, despite the fact that it is a continuous wire. The degree of variation in the diameter of this alloy is much smaller than that of the droplet former type Ti 60 Ta 20 Co 20 alloy wire (Fig. 4(c) ). Strom-Olsen suggested that droplets are formed in a melt-extracted wire when the cooling rate is quite low and insufficient to prevent the formation of Rayleigh waves. 13) In this study, the cooling rate of the melt-extracted Ti-Zr alloy can be considered to be sufficient to form a continuous wire without significant droplet formation. The diameter of the Ti 50 Ta 30 Si 20 alloy wire (Fig. 4(e) ) also varies, and it consists of many sharppointed regions; however, the Ti 90 Zr 10 alloy wire does not consist of such undesired regions. The close-up image of the Ti 90 Zr 10 alloy wire (Fig. 4(b) ) shows that it does not have a mirror surface, which is a typical feature of a metallic glass wire (Fig. 4(g) ), but a very fine faceted surface. The Ti 60 Ta 20 Co 20 alloy wire also has a similar faceted surface (Fig. 4(d) ). In the Ti 50 Ta 20 Si 30 alloy wire (Fig. 4(f) ), dendrite formation is observed on the surface. The sharp-pointed regions are attributed to the coarse dendrite formation. The degree of surface roughness of the Ti 90 Zr 10 ( Fig. 4(b) ) and Ti 60 Ta 20 Co 20 (Fig. 4(d) ) alloy wires with a fine faceted surface is less than that of the Ti 50 Ta 30 Si 20 (Fig. 4(f) ) alloy wire with coarse dendrite and the conventional metallic crystalline wire prepared by the wire-drawing process (Fig. 4(h) ). Therefore, we see that melt-extracted Ti 90 Zr 10 alloy exhibits a good capability for continuous wire formation. Moreover, the fabricated wire shows small variation in diameter and negligible surface roughness. Binary Ti-Zr alloy wires also have such features, irrespective of their composition.
The constituent phases of the melt-extracted binary Ti-Zr alloy wires were investigated by both XRD analysis and DSC measurement. Figure 5 shows XRD patterns of melt-extracted Ti 100Àx Zr x (x ¼ 10, 20, 40, 50, 60, and 80) alloy wires. All the alloys show sharp diffraction peaks originated from the crystalline -(Ti, Zr) phase. Figure 6 shows the DSC curve of the binary Ti-Zr crystalline wire heated at a rate of 0.67 Ks À1 . The Ti 100Àx Zr x (x ¼ 20, 40, 50, 60 and 80) crystalline wire exhibits an endothermic reaction. This is due to the transition from the -phase to the -phase, which is in good agreement with the binary Ti-Zr equilibrium phase diagram. 25) Sharp exothermic peaks, typically observed during the crystallization of an amorphous phase, cannot be observed. These results indicate that melt-extracted wires do not contain a metastable amorphous phase but an -solid solution crystalline phase, which is predicted by observing the outer surface through OM and SEM, as shown in Figs. 3 and 4 .
The mechanical properties of the melt-extracted Ti 90 Zr 10 crystalline wires were investigated by a tensile test in air. Figure 7 shows typical examples of tensile load-elongation curves. In this study, tensile stress was not evaluated, because of the variation in the diameters of the wires. The elongation of the wires was measured by determining the displacement of a crosshead and not by using a strain gage. The tensile load-elongation curves of each sample are different because of experimental artifacts resulting from difficulties involved in the chucking of the measured wire, whose diameter was approximately 100 mm. The tensile stress is estimated to be about 900 MPa if the diameter of the wires is assumed to be 100 mm. This value can be considered to be comparable to the tensile strengths reported to date: 862 MPa for as-cast Ti 50 Zr 50 alloy 37) and 900 MPa for as-cast Ti-Zr alloy with an 0 = structure. 30) All the wires fabricated from the meltextracted binary Ti-Zr alloys were bent through an angle of 180 without any fracture. Therefore, ductile metallic wires with high tensile strength can be produced from Ti-Zr alloys in a wide composition range. Figure 8 shows the high tensile strength and ductility of the melt-extracted Ti 90 Zr 10 crystalline wire. The melt- ( Ã ) The length of tensile test specimens is 10 mm. The elongation of the wires was measured by determining the displacement of a crosshead and not by using a strain gage. The absolute value of tensile stress and elongation could not be evaluated because of the fluctuation in diameter.
extracted wire was not fractured when it was used to lift a heavy load. It should be noted that the wire can be bent through an angle of 180 without any fracture despite heavy loading of approximately 500 g, as shown in Fig. 8(b) . The wire did not break even when it was tightly squeezed by a pair of needle-nose pliers. The superior ductility of the wire is also confirmed by Fig. 8(c) . The high-tensile strength and high bending-ductility properties of the melt-extracted Ti-Zr metallic wires indicates its potential for use in biomedical applications, such as scaffolding for cell adherence, micromesh abrasives, micro-wires for stents, and so on.
Discussion
In this study, continuous binary Ti-Zr alloy wires with negligible surface roughness were obtained by the arcmelting type melt-extraction method, despite the high reactivity of the alloys in the molten state. Only a few systematic studies have been conducted on the dominant factors that control the formation of continuous metallic fibers and wires during rapid quenching of metallic melt. It is reported that metallic glass alloys show good capability for wire formation by the arc-melt-type melt-extraction method. 21, 23, 24, 28, 29) The metallic glass formation criterion cannot be adapted in this study. In the in-rotating-liquid spinning method, the temperature interval between liquidus and solidus is considered to be a very important factor for the formation of a continuous wire. 26, 27) The wider the temperature interval, the longer the time of coexistence of the liquid and solid. In other words, the free-flight time of the molten metal increases with the temperature interval between liquidus and solidus. A wide temperature interval is harmful for continuous wire formation because free-floated molten metal in a liquid medium is unstable and easily breakable. The free-flight time of molten metal in an Ar atmosphere is also very important for continuous wire formation by the melt-extraction method. The temperature interval criterion is applicable to both the melt-extraction and in-rotating-liquid spinning methods. The equilibrium phase diagram of the binary Ti-Zr alloy system 25) clearly indicates that the temperature interval between liquid and -(Ti, Zr) solid solution is not large (less than 50 K). It should be noted that the temperature interval is independent of the alloy composition because of the absence of equilibrium intermetallic compounds. The fabrication of continuous melt-extracted Ti-Zr crystalline wires with a wide composition range can be explained on the basis of an adequate temperature interval in the alloy system. Among many metallic biomaterials, Ti-based alloys containing no toxic elements or a small amount of toxic elements have been developed as implant materials because of their high biocompatibility, superior mechanical properties, and high corrosion resistance. [30] [31] [32] [33] [34] [35] [36] The Ti-Zr based alloy system is known to use Ti-based alloys for dental casting. 30, 37) More recently, Ti-Zr and Ti-Zr-based alloys have been developed for use as new highly biocompatible Ti-based biomaterials. 22, 38) Rapidly quenched Ti-Zr metallic wires developed in this study can be used as Ti-based biomaterials that have high biocompatibility and superior mechanical properties.
Conclusion
In this study, binary Ti-Zr alloy wires that can be used to produce biomaterials were prepared by the arc-melting type melt-extraction method. The main results are summarized below, along with our conclusions.
(1) Ti-Zr alloys show high wire forming ability during meltextraction. Therefore, it is possible to form rapidly quenched wires with a wide composition range between Ti 90 Zr 10 and Ti 20 Zr 80 . The adequate temperature interval between liquidus and solidus is considered to be a dominant factor for the fabrication of continuous Ti-based alloy wires with a superior fine surface. (2) Ti 90 Zr 10 binary alloy wires exhibit good white luster, a small degree of variation in diameter, negligible surface roughness, high tensile strength, and good bending ductility. The arc-melt-type melt-extraction method is effective for the fabrication of new Ti-based metallic crystalline wires for use as biomaterials. 
